With the trend of the miniaturization, broadband, and integration of multisystems of wireless communication terminals, a new ultrawideband planar inverted-F antenna (PIFA) with capacitive ground plane is proposed in this paper. The capacitive ground plane is composed of a sheet of metal islands, which makes a major contribution to ultra-wideband from 2.3 GHz to 9.0 GHz by applying the capacitive compensation for input impedance of the PIFA in high-order modes frequency bands. The effect of geometric parameters of capacitive ground plane and antenna height on antenna performance is analyzed. It is found that the radiation pattern in free space and the gain of the proposed antenna also meet the demands of the wireless communication terminals. The reported antenna was fabricated and measured, and the experimental results are in good agreement with the simulation results.
Introduction
To expand the capacity of communication system or achieve a multimode communication, a real communication system is required to be implemented with multiband or wideband characteristics. Therefore, it is important to develop a wideband antenna for wireless communication terminal equipments which are usually limited in a confined space for antennas. A compact wideband mobile handset or wireless data card multiple-input multiple-output (MIMO) antenna for long term evolution (LTE) applications especially has been a challenging problem. A planar inverted-F antenna (PIFA) is widely used in mobile devices because of its advantages of compact size, low profile, and easy integration with portable devices. However, the narrow impedance bandwidth of a conventional PIFA is difficult for wideband and ultrawideband applications. Hence, it is most desirable to find methods which can improve the bandwidth of the PIFA antenna for multiband or wideband applications. A tapered-type radiating patch [1] and multilayer patches [2] are introduced into the internal PIFA to enhance its bandwidth. U-shaped slits are inserted into the antenna-radiating surface to realize a quad-band PIFA [3] . Parasitic elements are often added to a PIFA to radiate more frequency bands [4] . A T-shaped ground plane is proposed to broaden the bandwidth of the PIFA [5] . A slotted ground plane for handset devices is described to lower the profile and improve the bandwidth of PIFA antennas [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
In this paper, we propose a novel ultrawideband PIFA with capacitive ground plane which consists of a sheet of periodic metal patches. By applying the capacitive compensation for the input impedance of the PIFA in higher frequencies, the proposed PIFA has a broad working frequency band. The effect of geometric parameters of the periodic metal patches and antenna height on antenna performance is analyzed. It is found that the radiation pattern in free space and gain of the proposed antenna also meet the demands of the broadband wireless communication terminals. Good agreement of the measurement with simulation results can be observed. Figure 1 shows the geometry of a conventional PIFA. The dimension of the radiating patch is 38 mm × 25 mm, and the ground plane is a traditional solid metal surface with 50 mm × 30 mm. The height of the antenna is ℎ. The locations of the feeding point and short pin are shown in Figure 1 . In this paper, the antenna structure and dimension are kept the same as in Figure 1 ; the traditional ground plane would be changed to a capacitive ground plane for bandwidth enhancement. The capacitive ground plane is composed of a sheet of periodic metal patches [18] , as shown in Figure 2 . The width of the metal patch is , and the gap width between two metal square patches is . Thus, the period of the patch element of the designed capacitive ground plane is = + . This structure is often called a frequency selective surface. If the metal plates are not connected, it is called a "capacitive" surface, and it transmits low frequencies while reflecting high frequencies [18] . The substrate dielectric has a relative permittivity of = 4.4 and a loss tangent of 0.013. The thickness of the substrate of the capacitive surface is = 2.0 mm. It should be pointed out that the periodicity is flexible to design a capacitive surface.
Analysis and Design of Ultrawideband PIFA
Parametric studies were performed to analyze the effects of the capacitive ground plane structure parameters on the antenna performance. It is worth pointing out that the radiating patch and the positions of feeding point and short pin are kept constant. Here we only pay attention to the contribution from the proposed capacitive ground plane. Figures 3(a) , 3(b), 3(c), and 3(d) show the frequency characteristics and effect of period a, radiating patch height h, substrate permittivity and thickness on the 11 of the PIFA, respectively. Note that, when the value of one parameter was changed, such as when the period was changed from 3.0 mm to 9.0 mm, the values of other parameters were kept the same as shown in Figure 1 . It can be seen from Figure 3 that the implementation of replacing the conventional ground plane with the capacitive surface will produce an important influence on the PIFA over the wide frequency band. According to the parametric analysis, we can determine the favorable design parameters: = 3.0 mm, ℎ = 3.5 mm, = 4.4, and = 2.0 mm. In this case, the designed PIFA has an ultrawideband working frequency band (less than −10 dB) from 2.3 GHz to 9.0 GHz, and the relative bandwidth is up to 118%, as the solid line shown in Figure 3 .
International Journal of Antennas and Propagation Furthermore, we analyzed and compared the input impedance characteristics of and between the proposed PIFA and conventional antennas, as shown in Figure 4 . It can be seen that the parallel resonance at 2.5 GHz disappears due to the compensation of the capacitive ground plane. Moreover, the radiating impedance at high frequency increases, which indicates that the proposed PIFA achieves not only wide bandwidth but also high radiating efficiency. Figure 5 shows the radiation patterns of the ultrawideband PIFA at 2.5 GHz, 4.0 GHz, 6.0 GHz, and 8.5 GHz, respectively. It can be seen that these radiation patterns at xz and yz planes are almost omnidirectional, which also meet the demands of the wireless communication terminals. The peak gains are 2.88 dBi, 4.42 dBi, 6.48 dBi, and 7.67 dBi, respectively.
Fabrication and Measurement of the Ultrawideband PIFA
According to the designed parameters, the proposed PIFA was fabricated and shown in Figure 6 . The radiating patch and short pin are made of a copper sheet with thickness of 0.2 mm. The height of the radiating patch is 3.0 mm. The ground plane is composed of the capacitive surface with the square patch lattice = 5.0 mm, = 1.0 mm, as shown in Figure 6 (a). The substrate dielectric has a relative permittivity of 4.6 and a loss tangent of 0.02 with thickness of 2.0 mm. The experiment was conducted by using an Agilent N5230A vector network analyzer. From the comparison of measurement with simulation results shown in Figure 7 , it can be seen that the measurement results agree well with the simulation results. Measurement result shows that the working frequency band is from 2.8 to 8.3 GHz, which verifies the correctness and effectiveness of the proposed ultrawideband PIFA antenna.
Furthermore, we apply the ultrawideband PIFA to a wireless mobile phone platform, as shown in Figure 8 . The proposed capacitive ground plane is locally embedded into the printed circuit board. The dimension of the PCB is about 100 mm × 50 mm. Figure 9 shows the simulated and measured 11 of the proposed PIFA on the mobile phone platform. It can be seen that the PIFA antenna still has good ultrawideband characteristics.
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Conclusion
This paper proposed a new ultrawideband PIFA antenna with a capacitive ground plane which is composed of a sheet of metal periodic patches. By applying the capacitive compensation for input impedance of the PIFA in high frequency bands, the proposed PIFA can work from 2.3 GHz to 9.0 GHz, and the relative bandwidth is up to 118%. The effect of geometric parameters of capacitive ground plane and antenna height on antenna performance was analyzed in detail. It is found that the radiation pattern in free space and the gain of the proposed antenna also meet the demands of the wireless communication terminals. Due to the small dimension of the capacitive ground plane, the proposed ultrawideband PIFA is easily integrated with other systems of wireless communication terminal applications. Simulation and measurement results verify that the proposed PIFA antenna has good ultrawideband characteristics.
